H9N2 avian influenza viruses are enzootic around the world and can infect many different avian and mammalian hosts, including humans. Unlike the H9N2 viruses, which mainly originated in other countries and possess a non-structural protein 1 (NS1) of 230 aa, 98 % of the H9N2 viruses isolated in China lack the 13 aa at the C terminus of NS1 (217 aa in total). The biological significance of NS1 elongation remains elusive. To examine the effect of NS1 C-terminal elongation in the influenza virus, we used reverse genetics to generate a wt avian influenza H9N2 virus containing a 217 aa NS1 (H9N2 NS1217 ) and two mutant viruses with elongated NS1s of 230 and 237 aa (H9N2 NS1230 and H9N2 NS1237 ). C-terminal elongation of NS1 did not have a significant impact on virus replication in Madin-Darby canine kidney cells or DF-1 cells. The three variants exhibited similar replicability in mice; however, the H9N2 NS1230 and H9N2 NS1237 variants exhibited an upregulation in the level of inflammatory cytokines. In addition, both the H9N2 NS1230 and H9N2 NS1237 viruses increased replication and induced a high level of inflammatory cytokines and transmission in chickens, compared with the wt virus. These findings suggest that the NS1 extension conferred a gain of fitness to some extent.
INTRODUCTION
The non-structural protein 1 (NS1) of influenza virus is a significant virulence-determining factor, which functions as a type I IFN antagonist (Haye et al., 2009; Ramos et al., 2013) . NS1 also induces apoptosis during infection and plays an important role in the virulence of avian influenza virus (Han et al., 2012; Jackson et al., 2010; Lam et al., 2011; Zhang et al., 2010) . The NS segment of influenza A viruses generally encodes an NS1 protein of 230 aa comprising an N-terminal RNA-binding domain (1-73 aa) and a C-terminal effector domain (74-230 aa). The C-terminal effector domain has a broad range of functions. It is responsible for binding to the cleavage and polyadenylation specificity factor 30 (CPSF30), which functions as a cellular factor. CPSF30 is crucial for the 39-end processing of cellular mRNAs and for targeting the poly(A)-binding protein II (PABII), which is involved in cellular pre-mRNA processing. The binding of influenza virus NS1 and PABII prevents transport of cellular mRNA to the cytoplasm and leads to nuclear accumulation of cellular pre-mRNAs containing short poly(A) tails (Dundon & Capua, 2009; Hale, 2014; Hale et al., 2008) .
The 227-230 aa region in the C terminus of NS1 is a potential PDZ domain ligand of the X-S/T-X-V type . PDZ domains are protein-protein recognition modules that organize diverse cell-signalling assemblies. PDZ domain-containing proteins play important roles in the transportation, localization and assembly of supramolecular signalling complexes, organizing cell polarity, receptors and downstream effectors (Javier & Rice, 2011; Sheng & Sala, 2001 ). The PDZ domain has been decribed as a virulence determinant of influenza virus in different animal models; however, this was recognized as a species-specific or strain-specific virulence domain (Fan et al., 2013; Soubies et al., 2010 Soubies et al., , 2013 Zielecki et al., 2010) .
Large-scale sequence analysis of H9N2 avian influenza viruses in GenBank (1149 NS1 protein sequences) indicated that the C terminus of the NS1 protein contained six length variation types (LVTs; 230, 228, 225, 220, 219 and 217 aa) . The majority of the H9N2 (56.5 %) subtype viruses analysed possess a 13 aa truncation and thus have NS1s of 217 aa. Nearly all (98 %) of the H9N2 influenza isolates with NS1s of 217 aa are from China, while the H9N2 isolates possessing NS1 proteins of 230 aa (42.7 %) mainly originated from other countries. Three isolates expressed an NS1 protein of 228 aa, five isolates expressed an NS1 protein of 225 aa, five isolates expressed an NS1 protein of 220 aa and two isolates expressed an NS1 protein of 219 aa. H9N2 viruses expressing NS1 proteins of 217 aa have become the predominant types since first appearing in 1996 (Wang et al., 2005) , suggesting that there are some advantages to the 13 aa truncation. Previous studies reported that influenza viruses with C-terminally truncated NS1 proteins of 73, 99 or 126 aa induced higher levels of IFN than viruses with full-length NS1 proteins and were correspondingly more attenuated in mice and pigs (Kochs et al., 2009; Richt & García-Sastre, 2009; Soló rzano et al., 2005) . Many previous studies focused on the effect of NS1 in H5N1, H7N1 and WSN H1N1 (a mouse adapted strain of the influenza virus) (Fan et al., 2013; Jackson et al., 2008; Soubies et al., 2010 Soubies et al., , 2013 Zielecki et al., 2010) ; however, the biological role of C-terminally truncated NS1 proteins in the virulence and pathogenesis of H9N2 influenza virus has not yet been studied in detail.
In the present study, reverse genetics was used to generate H9N2 viruses that contained a full-length NS1 protein (230 or 237 aa) or a C-terminally truncated NS1 (217 aa). The replication of these viruses was then compared in MadinDarby canine kidney (MDCK) cells and DF-1 cells; the replication, pathogenicity and transmission were further assessed in mouse and chicken models.
RESULTS

Analysis of NS1 in H9N2 influenza virus
The influenza virus resource (http://www.ncbi.nlm.nih. gov/genomes/FLU/Database/nph-select.cgi?go=database) was used to reconstruct the history of NS1 in H9N2 viruses worldwide between 1966 and 2014. In order to standardize the search, only full-length NS1 sequences from H9N2 viruses were extracted for each of the 49 years. An H9N2 virus containing a 217 aa NS1 first appeared in 1996, while the full-length NS1 virus (230 aa) was found in 1966. However, the percentage of H9N2 viruses possessing a 230 aa NS1 dramatically decreased between 1991 and 2005, while those with a 217 aa NS1 became predominant (Fig. 1) . The prevalence of the 217 and 230 aa NS1-containing viruses remained stable during 2006-2011. However, in 2012 the percentage of 230 aa NS1 viruses was higher than the percentage of 217 aa NS1 viruses (61.7 and 38.2 %, respectively). Notably, the 217 aa NS1 viruses (650/ 666) were mainly isolated from China and showed significant differences in geographical distribution. The current study examines whether the 13 aa truncation provides some advantages and to what extent, if any, the truncation impacts the H9N2 viral phenotype.
Generation of influenza viruses containing different NS1 mutants
Plasmid-driven reverse genetics was used to recover a wt virus that contained a 217 aa NS1 protein, which was named H9N2 NS1217 . In parallel, we mutated the NS segment to obtain an elongated NS1 protein of 237 aa. Through a single U-to-C substitution, a stop codon at position 218 was eliminated (Fig. 2) . The NS1 of 237 aa has persisted in the progenies of the human H1N1, H2N2 and H3N2 seasonal influenza virus, as well as in some swine and avian influenza viruses. The mutant virus was designated H9N2 NS1237 ; it includes a PDZ ligand domain with the GPKV motif, although this motif has mostly been found in swine influenza viruses (Obenauer et al., 2006; Qi et al., 2012) . Another mutant virus H9N2 NS1230 encoding an NS1 of 230 aa was generated by introducing a single C-to-U nucleotide exchange in codon 231 of H9N2 NS1237 . These mutations did not alter the nuclear export protein (NEP)/ NS2. The identity of the recovered viruses was verified by sequencing the amplicons of each viral gene.
NS1 mutant viruses exhibited similar viral replication in DF-1 and MDCK cells
To determine whether the C-terminal truncation or elongation of the NS1 in the H9N2 virus would alter virus replication in vitro, growth of the recombinant viruses H9N2 NS1217 , H9N2 NS1230 and H9N2 NS1237 in MDCK and DF-1 cells was monitored. The viral titres at different time points after infection of MDCK cells showed that the three recombinant viruses exhibited similar growth kinetics (Fig.  3a) . Similar results were observed in DF-1 cells (Fig. 3b) . The expression of NS1 was also detected in DF-1 and MDCK cells infected at an m.o.i. of 2 at 8 h post-infection (p.i.). There was no obvious difference in NS1 protein expression levels (Fig. 3c ).
NS1 C-terminal elongation induced high levels of inflammatory cytokines in mice
To compare the pathogenicity of these mutant viruses in mice, we infected 6-week-old female BALB/c mice. Mice were treated intranasally with 10 6 egg infectious doses 1966-1989, n520; 1991-2000, n5132; 2001-2005, n5424; 2006-2010, n5361; 2011, n581; 2012, n568; 2013-2014, n564. (EID 50 ) of reassortant viruses and monitored for 2 weeks for signs of illness and weight loss. One of three mice infected with H9N2 NS1217 showed around 7 % weight loss 6 days p.i., while mice infected with other viruses had only 1-2 % weight loss; however, there was no statistical difference among the three groups ( Fig. 4a) . No mice died during the observation period.
The kinetics of virus replication in the lungs and nasal turbinates were examined to further understand the differences in the virulence of disease caused by these viruses. Three mice per group were euthanized on 3, 6 and 9 days p.i. and the viral titres in lung homogenates and nasal turbinates were determined (Fig. 4b ). Virus replication was similar in the lung tissues of the three groups infected with different mutant viruses. On day 3 p.i., animals infected with H9N2 NS1237 had higher viral titres in nasal turbinates than those infected with H9N2 NS1217 . There was no significant difference in virus replication in nasal turbinates among the three groups 6 and 9 days p.i. It has been shown that NS1 affects the immune response to influenza virus infection by enhancing the production of proinflammatory cytokines/chemokines and the recruitment of immune cells (Stasakova et al., 2005) . The induction of proinflammatory genes was examined here to determine whether different NS1 variants have different effects on the immune response to influenza virus infection (Fig. 5 ). No significant difference was observed in the production of IFN-c cytokines in any of the infected groups. However, higher levels of macrophage inflammatory protein (MIP)-1a, monocyte chemotactic protein (MCP)-1, TNF-a, IL-1b, IL-5 and IL-6 were observed in mice infected with H9N2 NS1237 compared with mice infected with H9N2 NS1217 and H9N2 NS1230 at day 6 p.i. In addition, the level of IL-6 in H9N2 NS1230 virus-infected mice was significantly higher than that of mice infected with H9N2 NS1217 virus at day 6 p.i. The level of IFN-b mRNA was measured using real-time quantitative reverse transcriptase-PCR (qRT-PCR) and we found the level of IFN-b mRNA was upregulated in virusinfected mice. There was no significant difference in the production of IFN-b mRNA in all infected groups.
Analysis of type I IFN production in vitro
Given that NS1 acts as an IFN antagonist (García-Sastre et al., 1998), the induction of IFN was investigated in DF-1 and A549 cells infected with the NS1 reassortant viruses. The type I IFN induced by the viruses was detectable in all three infection groups. No significant difference was detected in the level of IFN-b induced by the viruses at 8 and 24 h p.i. (Fig. 6a) . However, the control virus that possessed a mutation (R38A) in the RNA-binding motif of NS1 induced high levels of IFN-b mRNA. Similar results were found in A549 cells (Fig. 6b) .
Effects of NS1 elongation on viral replication and induction of cytokine mRNAs in chickens
To compare the replication and pathogenicity of these mutant viruses in chickens, ten 6-week-old chickens per group were infected with 10 7 EID 50 of H9N2 NS1217 , H9N2 NS1230 or H9N2 NS1237 via the choanal and intratracheal routes. In the H9N2 NS1217 group, no clinical symptoms were observed in infected and contact chickens during the study. Some chickens infected by H9N2 NS1237 and H9N2 NS1230 viruses showed slight respiratory distress and depression 4 days p.i., which subsequently disappeared at 6 days p.i. Only one chicken shed virus via the cloacal tract in the H9N2 NS1230 -infected group. The H9N2 NS1230 viral titres detected in tracheal swabs were more than 100-fold increased at days 1, 2 and 3 p.i. compared with the wt virus. H9N2 NS1237 also showed significantly increased viral titres compared with wt virus in inoculated chickens at days 1, 2 and 3 p.i. (Fig. 7a) . The lungs of three chickens in each group were collected for virus detection 3 days p.i. The H9N2 NS1230 viral titre was .1000-fold higher than that of the wt virus (Fig. 7b ).
The levels of various cytokine mRNAs were measured by qRT-PCR in the lungs of three chickens euthanized 3 and 5 days p.i. The inflammatory cytokines [myxovirus resistance protein (Mx), IL-6] were induced to higher levels in the H9N2 NS1237 -infected chickens than in the other virusinfected chickens 3 and 5 days p.i. (Fig. 8) . IFN-c mRNA levels in the H9N2 NS1237 -infected chickens were higher than in wt virus-infected chickens 3 days p.i. There was no significant difference in the production of cytokines IFN-a, IFN-b and IL-2 among the infected groups.
Effects of NS1 elongation on transmission in chickens
In order to determine the role of the C-terminal domain of NS1 in spread of the H9N2 avian influenza virus to chickens, we examined transmission of these mutant viruses from infected chickens to naive chickens. The contact study (Fig.  7c ) indicated that the virus was undetectable in oropharyngeal or cloacal swabs in the H9N2 NS1217 group 1 day postcontact (p.c.). On days 2 and 4 p.c., the virus was only detected in one of five and two of five contact chickens, respectively. In contrast, the viral titres of H9N2 NS1230 in oropharyngeal swabs of contact chickens were significantly higher than those of H9N2 NS1217 1 and 4 days p.c. Only one chicken in the H9N2 NS1230 group shed virus via the cloacal TNF-α Fig. 5 . Changes in cytokine/chemokine expression were detected in lungs at days 3, 6 and 9 p.i. Cytokine/chemokine levels (mean±SD) are shown. Asterisks indicate significant differences (*P,0.05; **P,0.01; ***P,0 0.001) from the results measured in virus-infected mice. between C-terminally truncated NS1 and C-terminally elongated NS1 in the H9N2 avian influenza virus, three variant viruses (with NS1s of 217, 230 and 237 aa) were generated through reverse genetics techniques. The difference between these variants was the presence or absence of a 13 or 20 aa addition in the C terminus of NS1. These amino acid additions do not alter the spliced mRNA encoding NEP/NS2 protein.
The aims of the current study were to examine the temporal IFN gene expression in the variant viruses with C-terminal elongation or truncation of NS1, as well as to characterize the replication, pathogenicity and transmission in mice and chicken models.
NS1 can inhibit type I IFN production by various mechanisms, including inhibition of retinoic acid-inducible gene I or suppression of general host genes that contribute to elevated replication and virulence of the influenza A virus (Rajsbaum et al., 2012) . In this study, there was no significant difference in the levels of IFN-b between the variant viruses with C-terminal elongation or truncation of NS1. These variant viruses also exhibited similar growth properties in MDCK and DF-1 cells. In agreement with the current findings, other studies have demonstrated that the truncation of NS1 or C-terminal extension of NS1 have no impact on virus replication or on type I IFN production in H7N1, H3N2 or H1N1 (Florens et al., 2013; Hale et al., 2010; Soubies et al., 2013) . These results suggest that the effect of C-terminal elongation or truncation of NS1 might be minor in some influenza viruses.
The viral replication and immune responses were determined in mice in order to assess the pathogenicity of the three variant viruses. The viral replication results are in line with previous data obtained in our laboratory in vitro. It has been reported that IL-6 and TNF-a play important roles in the development of acute respiratory distress syndrome (Bhatia & Moochhala, 2004; Deng et al., 2010) . Interestingly, the present study showed that the production of proinflammatory cytokines/chemokines including MIP-1a, MCP-1, TNF-a, IL-1b, IL-5 and IL-6 were upregulated by H9N2 NS1237 , and the level of IL-6 was strongly upregulated by H9N2 NS1230 , suggesting that the Cterminal extension may be involved in the regulation of pathogenicity. However, there were no significant differences in the weight loss among the three groups. These results imply that the difference in the level of cytokinesis between different viruses might not to be relevant to pathogenesis.
Subsequently, the effect of C-terminal elongation or truncation of NS1 on replicability and transmissibility was examined in chickens. Variants with C-terminal elongation of NS1 exhibited high levels of replication and transmission in chickens. Chickens inoculated with the two C-terminally elongated NS1 variants exhibited higher levels of replication than chickens infected with wt virus. The high viral titre in the inoculated chickens might play a role in effective transmission. To our knowledge, this is the first report to show that NS1 enhances the transmissibility of H9N2 influenza virus in chickens. A previous study found that the C-terminal PDZ-binding motif of NS1 was a transmission determinant of influenza virus in guinea pig (Kim et al., 2014) . Current data showed that cytokine induction, including Mx, IL-6 and IFN-c, increased in the H9N2 NS1237 group. These results are in line with the findings that cytokines are upregulated in mice. It seems possible that the 7 aa elongation triggered some signalling pathways to upregulate the level of cytokines. One possible explanation for the different effects on replication between mice and chickens is that the C-terminal domain of NS1 is a species-specific virulence domain. In fact, this is supported by results of a previous study (Soubies et al., 2010) .
The vast majority of influenza virus strains have an NS1 containing 230 or 217 aa. A few strains have NS1s of 237 aa and have been identified in human (H3N2, H2N2 and H1N1), avian (H4, H5 and H7) and a few swine influenza viruses (Dundon & Capua, 2009 ). An interesting phenomenon is that the truncated NS1 viruses have mainly been isolated from Chinese poultry and have not yet been displaced by the longer NS1 version. In 1994, the first H9N2 influenza virus, A/Chicken/Beijing/1/94 (Ck/BJ/1/ 94) was isolated in China and harboured an NS1 of 217 aa. Since then, it has become the most prevalent influenza virus subtype in poultry (Sun et al., 2010) . In addition, the virulence of influenza virus strains is a multigenic trait (Tscherne & García-Sastre, 2011) . The NS1 tail sequence is one of many determinants of virulence for the influenza virus. We cannot exclude other factors, such as haemagglutinin and neuraminidase function and viral polymerase activity, that may also contribute to overall viral virulence. In 2013, a novel H7N9 avian influenza virus was found to cause severe human respiratory infection in Shanghai and Anhui province, eastern China (Gao et al., 2013) . Bioinformatic analyses for the H7N9 virus revealed the six internal genes, which had been derived from H9N2 avian influenza viruses (Liu et al., 2013) , and confirmed the potential threat of H9N2 influenza virus to humans (Alexander et al., 2009) . The H7N9 influenza virus still harboured a 217 aa NS1; however, the possible effect of the C-terminal elongation of NS1 in H7N9 was not evaluated. Although H9N2 influenza viruses do not possess the 7 aa elongation in NS1, this extension could be acquired by genetic reassortment or gene evolution. To some extent, the C-terminal elongation of NS1 protein provides a certain gain in fitness.
METHODS
Virus and reverse genetics. The LPAI virus A/chicken/Shandong/ 22/2003 (H9N2) was isolated from chickens in Shandong, China, in December 2003. All viruses used in this study were generated by reverse genetics. Eight segment viral genes were cloned into a dual-promoter plasmid, PHW2000, as described previously (Kong et al., 2014) . The rescued viruses were detected via the haemagglutination assay and RNA was extracted and analysed by RT-PCR. Real-time RT-PCR. Total RNA (1 mg) was extracted from uninfected and infected cells or lungs using an RNeasy kit (Qiagen) and used for reverse transcription with a Primescript RT reagent kit (TaKaRa) following the manufacturer's instructions. Real-time PCR was performed with 1 ml cDNA in a total volume of 10 ml with SYBR Premix ExTaq II (TaKaRa) according to the manufacturer's instructions. Relative gene expressions were normalized by an internal glyceraldehyde 3-phosphate dehydrogenase (GAPDH) control. Fold change of each gene expression level was calculated using the formula: 2 (DCT of gene2DC T of GAPDH) .
Mouse studies. Six-week-old female BALB/c mice (Vital River Laboratory, China) for each group were anaesthetized with 20 mg g 21 tiletamine-zolazepam (Zoletil; Virbac) and inoculated intranasally (i.n.) with 50 ml infectious virus diluted in sterile PBS. Mice were monitored for 14 days for mortality and changes in body weight. Any mouse that lost more than 25 % of its starting body weight was euthanized. For virus titration in organs, mice in each group (three per group) were infected intranasally with 10 6 EID 50 of wt or reassortant viruses. Three mice per group were euthanized at days 3, 6 and 9 p.i.
For determination of viral titres, lung and turbinal tissues were harvested and homogenized in PBS using a bead mill homogenizer (Tissue lyser; Qiagen). Debris was pelleted by centrifugation (2000 g, 5 min) and supernatants were titrated as EID 50 using eggs. Animal research was approved by the Beijing Association for Science and Technology and complied with the guidelines of Beijing laboratory animal welfare and ethical of Beijing Administration Committee of Laboratory Animals.
Cytokine assay. Cytokine levels in total lung lysates were measured by cytometric bead assay (CBA; BD Biosciences). Cytokines that were detected via a mouse inflammation CBA kit included IL-4, IL-5, TNFa, IFN-c, MCP-1, MIP-1a, IL-1b and IL-6.
Chicken studies. Six-week-old chickens (n510 per group) were intranasally infected with 0.2 ml 10 7 EID 50 of each virus, respectively.
The control animals were inoculated with 0.2 ml PBS. Oropharyngeal and cloacal swabs were collected at days 1, 2, 3 and 5 p.i. for virus titration in embryonated chicken eggs. Three chickens in each virus group were euthanized at day 3 p.i. and lungs were collected for virus titration.
To determine virus transmission, the inoculated chickens were placed in a new cage with five naive chickens after 24 h p.i. Tracheal and cloacal swabs were collected at 1, 2 and 4 days p.c. for virus titration. All tissue samples were stored at 270 uC prior to experiments. The remaining chickens were observed for clinical symptoms for 21 days.
Western blotting. MDCK and DF-1 cells were inoculated with wt and mutated virus at an m.o.i. of 2 in the presence of either 1 mg tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin ml 21 or no protease for 8 h in minimal essential medium containing 0.2 % BSA. Proteins from the supernatant were separated on 8 % SDS-PAGE gels and then electrotransferred onto nitrocellulose membranes. Anti-influenza virus NS1 polyclonal antibody (1 : 3000 dilution, for 1 h at room temperature; Thermo Scientific Pierce) was used to detect NS1. HRP-conjugated goat anti-rabbit IgG Fig. 8 . Quantification of inflammatory cytokines in chicken lungs. Total RNA was extracted from lung tissues taken at days 3 and 5 p.i. from chickens (n53 per group) that had been intranasally inoculated with 10 7 EID 50 of three viruses. Expression levels of cytokines were quantified by SYBR Green-based real-time PCR using chicken-specific cytokine primers. Fold changes were calculated based on the difference in C T values for a particular gene in uninfected and infected lungs, which were normalized against GAPDH. *P,0.05; **P,0.01; ***P,0 0.001 between the recombinant H9N2 NS1217 , H9N2 NS1230 and H9N2 NS1237 groups.
(1 : 1000 dilution, for 1 h at room temperature; Beijing Dingguochangsheng Biotechnology) was used as a secondary antibody. This was followed by chemiluminescence detection (Supersignal West Pico Chemiluminescent Substrate; Pierce).
Statistical analysis. Statistical analysis and graphical presentation was performed using GraphPad Prism 6 software. Viral titres in buccal and cloacal swabs were calculated as medians with SDs. Statistical significance (P values) between the groups were compared using one-way analysis of variance and Tukey's multiple comparison test.
